CW photoinjectors operating at high accelerating gradients promise to revolutionize many areas of science and applications. They can establish the basis for a new generation of monochromatic Xray free electron lasers, high brightness hadron beams, or a new generation of microchip production. In this letter we report on the record-performing superconducting RF electron gun with CsK2Sb photocathode. The gun is generating high charge electron bunches (up to 10 nC/bunch) and low transverse emittances, while operating for months with a single photocathode. This achievement opens a new era in generating high-power beams with a very high average brightness.
Superconducting radio-frequency (SRF) electron guns are frequently considered to be the favorite pathway for generating the high-quality, high-current beams needed for broad scientific and industrial applications, such as driving high-power X-ray and extreme ultraviolet (EUV) continuous wave (CW) free electron lasers (FELs) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , intense γ-ray sources [11] [12] [13] [14] , coolers for hadron beams [15] [16] [17] [18] , and electron-hadron colliders [19] [20] [21] . The quality of the generated electron beams-both the intensity and brightness-is extremely important for many of these applications.
Next generation X-ray FELs (XFELs) are rapidly moving towards operation in CW mode due to the capabilities of providing more flexible photon pulse time patterns and higher average brightness. This fact brings new requirements on the quality of the electron sources: they must demonstrate stable performance in CW mode, and deliver electron beams with low transverse normalized emittances [22] (below 0.4 mm-mrad for 100 pC bunches [23] ).
In this letter, we report the record performance of our SRF gun that was built for the Coherent electron Cooling (CeC) Proof of Principle (PoP) experiment at Relativistic Heavy Ion Collider (RHIC) [15, 16] . We will provide a brief overview of the current achievements in the performance of SRF guns worldwide, and show how the CeC photoinjector compares with these previously commissioned SRF guns. This is followed by the description of the emittance studies, including our experimental results and numerical simulations. We conclude this letter by demonstrating that our photoinjector meets the demands for the new generation of X-ray CW FELs.
Currently, there are three main types of photoinjectors: electrostatic (DC), pulsed RF, and CW RF electron guns. The DC guns, while generating superb CW beams [24] , are limited in their maximum achievable accelerating gradients of 5 MV/m and kinetic energy below 0.5 MeV. In contrast, the pulsed normal conducting (NC) RF guns can reach accelerating gradients at the level of 100 MV/m, but operate at a relatively low repetition rate. CW RF guns can be based on either room temperature NC [25, 26] or SRF technology [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . The great potential of SRF guns was recognized as early as 1988 [37] , and several successful experiments have been carried out since 2002 [27] [28] [29] [30] [31] . A brief summary of the main experimental results in the performance of the five operational CW SRF photoinjectors is shown in Table I .
To increase the attainable bunch charge and its brightness in a photoinjector, it is desirable to accelerate the electron beams to relativistic energies as quickly as possible, since we are operating in a space-charge dominated regime, and the space-charge effects are falling ∝ 1 γ 3 (γ = E tot mc 2 , where E tot is the total energy of the beam, m is the rest mass of the particles, and c is the speed of light). However, there is always a limitation on the maximum density of the surface charge σ that can be extracted from a photocathode [38] :
where E em is the electric field at the cathode at the moment of emission [39] . Thus, the maximal bunch charge can be increased either by increasing the transverse size of the beam (and inevitably increasing its transverse emittance), or by increasing E em . The overall dependence of the beam emittance from a photoinjector can be expressed as follows [24, [40] [41] [42] [43] [44] [45] [46] [47] :
where q is the bunch charge, and E MTE is the mean transverse energy of the photoelectrons at the cathode. The arXiv:2003.05920v2 [physics.acc-ph] 16 Mar 2020 accelerating gradient at the moment of beam emission depends not only on the maximum electric field attainable in the RF gun, E max , but also on the phase of emission ϕ, with E em = E max · sinϕ [38] . The phase is selected to maximize the beam energy gain. It depends on the geometry of the RF cavity, accelerating gradient E max , the RF frequency f rf = ω rf 2π , and is well described by a dimensionless parameter α [45] :
where k rf = ω rf c is the RF wavenumber. The value of α indicates the relativism of the particle exiting the cavity [22, 28] , and determines the optimal phase of the emission: at α < 1, ϕ is close to zero, and for α 1 it is close to the crest at 90 • .
One can see that the choice of the geometry and operational frequency of a gun plays an important role. For example, the HZDR SRF gun [27] operates at significantly higher frequency when compared to the CeC photoinjector. The maximum attainable electric field in the HZDR gun E max ∼20 MV/m (α = 0.7) results in the optimal emission phase of 10 − 15 • . This fact limits the electric field at the cathode at the moment of emission E em ≈ (0.2 − 0.25) · E max . The CeC SRF gun operates at the same accelerating gradient, however the choice of the frequency results in α = 8.34 with the optimal emission phase of 78.5 • . This leads to a significantly higher electric field at the cathode during the emission E em ≈ 0.98 · E max .
One major challenge for SRF photoinjectors is combining an RF cavity operating at cryogenic temperatures with photocathodes operating at room temperatures [48] . SRF guns with exchangeable photocathodes require an RF choke system, which provides an effective thermal insulation and "grounds" the cathode to the nearby SRF cavity wall. The compatibility of the SRF environment of a cavity and the high quantum efficiency (QE) photocathodes was always questioned by the experts in the high-brightness electron sources [49] . The cathode or its insertion system can deposit lossy particulates on the walls of the cavity, which dramatically reduces its performance. On the other hand, the cavity can generate an ion and electron back-bombardment of the cathode, and cause its rapid degradation. The first hands-on experience with RF photoinjectors has proven that both of these challenges are very crucial for operation. This is why most of the SRF guns are operating with metal photocathodes [30, 31, 35] . However, while being very robust, metal cathodes have a very low QE, and are not suitable for generating significant beam currents due to the heat load on the cathode by the laser power. The CeC SRF photoinjector utilizes room-temperature multialkali cathodes, which were specifically chosen to deliver highquality electron beams. The first electron beam from the SRF photoelectron gun with 3 nC charge per bunch was generated in June 2015. It was a very important achievement indicating that our SRF gun and the CsK 2 Sb photocathodes are highly compatible.
The 113 MHz SRF cavity for the CeC PoP was the first of the designs based on a quarter wave resonator, built in 2010, which utilize low frequencies to produce long bunches with large bunch charge [50] . Its detailed geometry and the main RF parameters can be found in Fig. 1 and Table II, respectively. Electron bunches-with typical duration of 400 psare generated from a CsK 2 Sb photocathode by 532 nm (green) laser pulses. The cathode is kept at room temperature inside the 113 MHz quarter-wave SRF Nb cavity operated at 4 K.
The SRF gun accelerates a CW electron beam to a kinetic energy of 1.25 MeV (1.76 MeV total), and is operating at a repetition rate of 78 kHz, with 0.1-10.7 nC bunch charge. The half-wavelength RF choke incorporates a hollow stainless steel cathode stalk which allows insertion of a cathode puck [30, 31] . The cathode stalk is gold plated to reduce heat emission into the 4 K system, and is kept at room temperature by circulating water. The stalk is shorted at the far end to serve as a choke filter. The axial position of the stalk tip and, therefore, the photocathode surface with respect to the cavity nose can be adjusted to optimize the focusing of the electron beam. The coaxial fundamental power coupler (FPC) with water cooling is incorporated in the front side of the cavity and allows for the beam to exit the gun. The FPC is placed on a motorized translation stage, so its position can be adjusted by 40 mm, which allows us to optimize the coupling and provide fine tuning of the gun frequency. The RF power to the gun is delivered from a 4-kW solidstate amplifier.
The first focusing solenoid is located 65 cm downstream of the cathode surface, which is followed by the laser cross for the drive laser beam delivery. The CeC experiment is using a frequency doubled, in-house designed Nd:YAG MOPA (Master Oscillator Power Amplifier) system operating at 78 kHz. The system consists of a commercial, arbitrary waveform generator from iXblue and an in-house designed, solid state regenerative amplifier with a non-critical phase matching scheme for frequency doubling, producing 125-1000 ps, 100 µJ pulses of 532 nm light. The laser light is transported over 60 m and 3 optical tables connected with evacuated pipes to the electron gun, where a 1-10 mm variable aperture is illuminated and imaged onto the photocathode in a 1:1 ratio.
Our photoinjector allows for an in-situ cathode replacements using an ultra-high vacuum (UHV) manipulator system. A small (20 mm in diameter) cathode puck is made of molybdenum and has a high-QE CsK 2 Sb photoemission coating with diameter of 8 to 10 mm deposited in the center. The UHV portable transport system (which we call a "garage") with built-in QE measuring system can store up to three cathode pucks without any significant loss of QE for a few months. Cathodes can be exchanged between the gun and the garage in about 30 minutes. The gold-plated RF spring finger contacts connect the puck with the inner surface of the stalk ensuring that the electromagnetic field does not propagate inside the cathode stalk.
The electron beam from the gun can be evaluated using the intercepting diagnostics: two profile monitors and a Faraday cup for measuring the bunch charge. The Integrating Current Transformer (ICT) located at the exit of the gun system is used for a non-intercepting measurement of the electron beam current.
One of the challenges during the first year of the gun operation was the presence of strong multipacting (MP) which led to significant QE degradation of our cathodes. MP is a resonant process in which an electron avalanche builds up within a small region of a cavity surface resulting in an absorption of the RF power. Hence, MP can prevent the cavity from reaching the operational accelerating voltage and cause QE degradation. As the result of a thorough investigation [51] , the repeatable and reliable procedure, which eliminated this challenge, was implemented. Throughout our 4-year long experience, we were capable of continuous operation of the high-QE (3-4%) CsK 2 Sb photocathodes for months without any significant QE degradation.
While we did not plan to establish any records, the CeC SRF gun has demonstrated an exceptional performance: in 2018 it generated electron bunches with charge exceeding 10 nC.
Since the primary focus of the CeC PoP experiment is not a characterization of the SRF gun performance, the available diagnostics for the emittance measurements is limited. We generally utilize a combination of a solenoid and a transverse beam profile monitor in order to evaluate performance of the photoinjector and measure the projected emittance. The measurements were compared with the simulations using ASTRA [52] , GPT [53] and PARMELA [54] in order to achieve a better understanding of the delivered beam parameters. Figure 2 demonstrates a comparison of the solenoid scan obtained experimentally and through simulations using ASTRA for a 600 pC, 400 ps electron beam. The results clearly indicate a good agreement between the measurements and numerical predictions.
The summary of the projected emittance measurements performed during the CeC operation in 2017-2018 are shown in Fig. 3 . These data were obtained for a variety of conditions, and provide a good demonstration of the idea of emittance compensation-the measurements resulting in higher values of projected emittance show that the phase space ellipses of the beam slices were not properly aligned for those particular measurements. During the experimental studies of our SRF gun it became apparent that it generates CW electron beams with quality satisfying the requirements for the CW Xray FELs [23, 55] . Our SRF gun delivers CW electron beams with transverse and longitudinal emittances exceeding nominal requirements for the LCLS II CW X-Ray FEL [23] . A comparison of the beam quality for our SRF gun with the LCLS II injector requirements is shown in Table III. Figure 4 demonstrates that the CeC SRF gun can deliver 100 pC electron bunches with core slice emittance of 0.15 mm-mrad. Since the longitudinal emittance of the produced bunches is small, the desired peak current can be achieved via compression. Hence, we demonstrated full compatibility of our SRF gun with the high-QE photocathodes, and the ability to deliver high-quality, high-brightness electron beams exceeding the requirements for the new generation of CW XFEL.
